Abstract Mutations in Cu/Zn superoxide dismutase (SOD1) cause autosomal dominant amyotrophic lateral sclerosis (ALS), a devastating neurodegenerative disease with no effective treatment. Despite ample evidence indicating involvement of mutation-induced SOD1 protein misfolding and aggregation in ALS pathogenesis, the molecular mechanisms that control cellular management of misfolded, aggregationprone SOD1 mutant proteins remain unclear. Here, we report that parkin, an E3 ubiquitin-protein ligase which is linked to Parkinson's disease, is a novel regulator of cellular defense against toxicity induced by ALS-associated SOD1 mutant proteins. We find that parkin mediates K63-linked polyubiquitination of SOD1 mutants in cooperation with the UbcH13/Uev1a E2 enzyme and promotes degradation of these misfolded SOD1 proteins by the autophagy-lysosome system. In response to strong proteotoxic stress associated with proteasome impairment, parkin promotes sequestration of misfolded and aggregated SOD1 proteins to form perinuclear aggresomes, regulates positioning of lysosomes around misfolded SOD1 aggresomes, and facilitates aggresome clearance by autophagy. Our findings reveal parkin-mediated cytoprotective mechanisms against misfolded SOD1 toxicity and suggest that enhancing parkinmediated cytoprotection may provide a novel therapeutic strategy for treating ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is the most common adult-onset motor neuron disease characterized by degeneration of upper and lower motor neurons [1] , leading to progressive muscle atrophy, paralysis, and death [2, 3] . An estimated 90 % of ALS cases are sporadic (sALS), and the remaining 10 % of cases are familial (fALS) [2] . Dominantly inherited, missense mutations in the antioxidant enzyme Cu/Zn superoxide dismutase (SOD1) are the first identified causative genetic defects for fALS [1, 2, 4] . Ample evidence indicates that the genetic mutations induce SOD1 protein misfolding and aggregation and that SOD1 mutants trigger ALS pathogenesis through a toxic gain-of-function rather than a loss of its enzymatic activity [5] [6] [7] . SOD1 can also become misfolded in sALS due to oxidative damage which causes it to aggregate and form inclusions [8] [9] [10] [11] , similarly to mutant SOD1 [12, 13] . In addition, we have identified SOD1 oxidative damage and aggregation in Alzheimer's disease (AD) and Parkinson's disease (PD) brains [14] . Together, these findings support a connection of SOD1 protein misfolding with neurodegeneration and highlight the importance of understanding the molecular mechanisms governing cellular management and removal of misfolded SOD1 proteins.
The ubiquitin-proteasome system (UPS) and the autophagy-lysosome system are two major intracellular protein degradation systems for eliminating misfolded proteins [15, 16] . Previous studies have shown that SOD1 mutant proteins can undergo both proteasomal degradation [17] and autophagic-lysosomal degradation [18, 19] . Although several E3 ubiquitin-protein ligases are known to ubiquitinate mutant SOD1 proteins and target them for degradation by the proteasome [17, 20, 21] , the molecular machinery that controls mutant SOD1 protein degradation by the autophagy-lysosome system remains unclear. Mutant SOD1 proteins have been shown to directly impair proteasome function [22] [23] [24] , and increasing evidence has implicated the involvement of proteasome dysfunction in the pathogenesis of ALS [25, 26] . The molecular mechanisms that regulate misfolded SOD1 processing and clearance under the conditions of proteasome impairment remain poorly understood.
Growing evidence indicates that, under strong proteotoxic stress associated with proteasome impairment, misfolded and aggregated proteins undergo dynein-mediated retrograde transport toward the microtubule-organizing center to form a pericentriolar inclusion body called the aggresome [27] [28] [29] . Aggresome formation is increasingly recognized as a cytoprotective response because it not only sequesters cytotoxic, misfolded, and aggregated proteins but also facilitates their subsequent clearance by autophagy [28, 30] . Mutant SOD1 proteins have been shown to form aggresomes in cells upon proteasome inhibition [31, 32] , and aggresome-like SOD1 inclusions have been found in transgenic mouse models of ALS [31, 33] . However, our current knowledge of the molecular mechanisms governing the formation and clearance of misfolded SOD1 aggresomes is limited.
Parkin is a widely expressed, E3 ubiquitin-protein ligase whose loss-of-function mutations cause autosomal recessive, early-onset Parkinson's disease [34] . We have previously reported that parkin catalyzes K63-linked polyubiquitination of PD-linked DJ-1 L166P mutant protein and promotes recruitment of misfolded DJ-1 into aggresomes [35] . Parkin has been shown to exert cytoprotective action against toxicity induced by mutant proteins associated with PD and AD [36, 37] , but whether or not parkin has a role in cytoprotection against ALS-linked mutant SOD1 toxicity is unknown. Furthermore, it remains to be determined whether parkin functions in regulating misfolded SOD1 aggresome formation and clearance.
In this study, we show that parkin selectively ubiquitinates ALS-linked mutant SOD1 but not wild-type SOD1 and protects cells against mutant SOD1 toxicity. Our analyses reveal that parkin promotes sequestration of mutant SOD1 into aggresomes, regulates lysosomal clustering around mutant SOD1 aggresomes, and facilitates mutant SOD1 clearance by the autophagy-lysosome system. These findings indicate a previously unrecognized function of parkin in cellular defense against misfolded SOD1 toxicity and provide novel insights into the molecular mechanisms governing cellular management and removal of misfolded SOD1 proteins.
Materials and Methods

Expression Constructs and Antibodies
Conventional molecular biological techniques were used to generate wild-type or mutant SOD1 in the N-terminal S-tag, His-tag, GFP-tag, and Myc-tag expression vectors by subcloning of SOD1 WT and A4V complementary DNAs (cDNAs) (provided by H. Zhu, University of Kentucky, Lexington, KY) and SOD1 G93A cDNA (provided by D. H. Lee, Seoul Women's University, Seoul, South Korea). The construction of N-terminal GFP-or GST-tagged parkin was previously reported [38] . Other expression constructs used in this study include Myc-tagged parkin (provided by T. Suzuki, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan), mCherry-tagged parkin (purchased from Addgene, Cambridge, MA), and HA-tagged Ub-WT, Ub-K48, Ub-K63, and Ub-K0 (provided by T. Dawson, Johns Hopkins University, Baltimore, MD). The validity of all constructs was confirmed by DNA sequencing. Parkin small hairpin RNA (shRNA) construct and non-targeting control shRNA construct were purchased from OriGene (Rockville, MD). Antibodies used in this study include anti-SOD1 (FL-154, Santa Cruz Biotechnologies), anti-parkin (Cell Signaling Technology), anti-β-actin (clone C4, Millipore), anti-GST (clone B14, Santa Cruz Biotechnologies), anti-ubiquitin (clone P4G7, Covance), anti-vimentin (Sigma-Aldrich), anti-p62 (BD Biosciences), anti-LAMP2 (clone H4B4, Iowa Developmental Studies Hybridoma Bank), anti-Hsp70 (Stressgen), anti-HDAC6 (Santa Cruz Biotechnologies), anti-LC3 (Sigma-Aldrich), anti-HA (clone 12CA5), anti-Myc (clone 9E10), and anti-S-tag (Abcam). All secondary antibodies were from Jackson Immuno Research Laboratories.
Parkin Knockout Mice and Primary Neuronal Cultures
Parkin knockout (parkin −/− ) and wild-type (parkin +/+ ) mice on a coisogenic background (129S4/SvJaeSor) were generated from breeding pairs provided by R. Palmiter (University of Washington, Seattle, WA) [39] . Primary cortical neuronal cultures were prepared from parkin −/− and parkin +/+ mouse embryos at embryonic day 18 as we described previously [40] and maintained in NeuroBasal Media (Gibco) supplemented with penicillin/streptomycin (Cellgro), B-27 (Gibco), and Lglutamine (Cellgro) for 7 days. For each experiment, at least 20 transfected neurons per condition were randomly selected for quantification. Data is presented as the mean±SEM from three independent experiments.
Cell Transfection and Co-Immunoprecipitation
SH-SY5Y cells were cultured with DMEM (Gibco) containing 10 % FBS (Atlanta Biologicals) and 0.5 % penicillin/ streptomycin (Cellgro). SH-SY5Y cells and primary cortical neurons were transfected with the indicated cDNA plasmids using Lipofectamine 2000 transfection reagent (Life Technologies) according to the manufacturer's instructions. Coimmunoprecipitation analyses were performed as previously described [41] to determine an interaction between Myctagged parkin and S-tagged SOD1 WT or mutants. Briefly, cell lysates from transfected SH-SY5Y cells were subjected to immunoprecipitation with anti-Myc antibody, followed by retrieval of protein complexes using protein G-agarose and immunoblotting.
Immunofluorescence Confocal Microscopy
Cells were fixed with 4 % paraformaldehyde (Electron Microscopy Sciences) and permeabilized with 0.1 % saponin. Cells were subsequently stained with indicated primary and secondary antibodies and processed for immunofluorescence confocal microscopy as we described previously [42] . Cell image acquisition was performed using a confocal laserscanning microscope (Nikon) with ×60 oil-immersion objective, and the acquired images were analyzed using Adobe Photoshop CS4 software.
Cell Viability and Apoptosis Assays
Cell viability was assessed by lactate dehydrogenase (LDH) release assays using the LDH Cytotoxicity Kit (Clontech) in accordance with the manufacturer's protocol. For the analysis of apoptosis in SH-SY5Y cells or primary cortical neurons, transfected cells expressing mCherry or mCherry-parkin and GFP or GFP-SOD1 WT or mutants were identified by red and green fluorescence, respectively. Apoptotic cell death was determined by morphological assessment of nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies) as described [43] . The percentage of transfected cells with nuclear shrinkage, fragmentation, and chromatin condensation was scored for apoptosis. For each experiment, at least 75-100 transfected cells per condition were randomly selected for quantification in a blinded manner. Data is presented as the mean±SEM from three independent experiments.
Recombinant Protein Purification and In Vitro Binding Assays
His-tagged SOD1 WT or mutants, glutathione S-transferase (GST), and GST-tagged parkin were individually expressed in E. coli BL21 or Arctic Express cells and induced with isopropyl β-D-thiogalactopyranoside (IPTG, 0.1 mM for GST-tagged proteins or 1 mM for His-tagged proteins; Research Products International) as described [44] . GST-tagged proteins were purified using glutathione-agarose beads as we described [45, 46] , and His-tagged proteins were purified using Ni-NTA-agarose beads and dialyzed in a buffer containing 100 μM each of CuSO 4 and ZnSO 4 as described [47] . In vitro binding assays were performed as described [48] by incubation of GST-tagged parkin or GST immobilized on glutathione-agarose with purified His-tagged SOD1 WT or mutants, and bound proteins were detected by immunoblotting analysis.
In Vitro and In Vivo Ubiquitination Assays
In vitro ubiquitination assays were performed as previously described [35] . Briefly, purified His-tagged SOD1 WT or mutants and GST-tagged parkin or GST were incubated in reaction buffer (50 mM Tris-HCl pH 7.6, 5 mM MgCl 2 , 100 mM NaCl, 25 μM ZnCl 2 , 2 mM dithiothreitol, and 4 mM ATP) containing E1 enzyme (Boston Biochem), E2 enzymes (UbcH7, UbcH8, or UbcH13/Uev1a, Boston Biochem), and ubiquitin WT or ubiquitin mutants (Boston Biochem). After incubating for 3 h at 37°C, the reaction was stopped by adding loading buffer, and ubiquitinated SOD1 was detected by immunoblotting with anti-ubiquitin and anti-SOD1 antibodies. In vivo ubiquitination assays were performed as described [38, 49] in SH-SY5Y cells expressing indicated epitopetagged SOD1 WT or mutants, parkin, HA vector, and HAtagged Ub WT or mutants. SOD1 WT or mutant proteins were isolated by immunoprecipitation under denaturing conditions, and their ubiquitination status was assessed by immunoblotting with anti-HA antibody. Pulse-chase experiments were performed as described [40, 41] in HeLa cells expressing indicated proteins. Cells were labeled for 1 h in Met/Cys-free medium (Invitrogen) containing 100 μCi of Met/Cys Tran 35 S-label (MP Biologicals). After extensive washes, cells were incubated with non-radioactive media containing excess Met/Cys for the indicated chase time. Cells were then lysed and equal amounts of proteins from each lysate were subjected to S-protein bead pull-downs, and 35 Slabeled SOD1 WT or mutant proteins were detected by autoradiography. Levels of labeled SOD1 were determined by normalizing the intensity of SOD1 band to the corresponding 0 h SOD1 band using densitometry (ImageJ). Data is presented as the mean±SEM from three independent experiments.
Analysis of Steady-State Protein Levels
For measurement of steady-state protein levels, cells were either untreated or treated for 24 h with protease inhibitor MG132 (20 μM, Sigma), lysosome inhibitor chloroquine (CQ, 100 μM, Sigma), autophagy inhibitor 3-methyladenine (3MA, 10 mM, Sigma), or 0.1 % dimethylsulfoxide (DMSO, Fisher) as a vehicle control. Cells were then lysed with 1.1 % SDS, and protein concentrations were determined using a bicinchoninic acid (BCA) Assay Kit (Pierce). Equal amounts of total proteins from each lysate were subjected to SDS-PAGE and immunoblotting using the indicated antibodies. The protein levels of SOD1 WT or mutants were quantified as described [40] and then normalized to the corresponding β-actin levels in the same lysates.
Assessment of Aggresome Formation and Lysosome Positioning
Transfected SH-SY5Y cells or primary cortical neurons were incubated in the presence or absence of 5 μM lactacystin for 16 h, and then processed for fluorescence confocal microscopy to assess aggresome formation as described previously [35] . At least 75-100 transfected cells per experimental condition were randomly selected and scored for the presence of a SOD1-containing aggresome in a blinded manner, and each experiment was repeated at least three times. For analysis of lysosome positioning, the intracellular distribution of lysosomes was visualized by immunostaining with anti-LAMP2 antibody.
Analysis of Aggresome Clearance
Aggresome clearance analysis was performed as described [50, 51] . In brief, transfected SH-SY5Y cells were first treated with 5 μM lactacystin for 16 h to allow formation of mutant SOD1 aggresomes. After washing with the media to remove lactacystin, one subset of treated cells was immediately processed for fluorescence microscopy to visualize mutant SOD1 aggresomes, and three parallel subsets of identically treated cells were allowed to recover for 24 h in normal media containing 0.1 % DMSO (vehicle), 100 nM rapamycin (Sigma), or 10 mM 3MA (Sigma). Following 24 h recovery, cells were processed for evaluation of remaining aggresomes. Quantification was carried out in a blinded manner from randomly selected 75-100 transfected cells in each group, and experiments were repeated at least three times.
Statistical Analysis
Data were analyzed by unpaired two-tailed Student's t test or one-or two-way ANOVA followed by Tukey's post hoc analysis, and P<0.05 was considered statistically significant. Results are expressed as mean±SEM from at least three independent experiments.
Results
Parkin Protects Cells Against Misfolded SOD1-Induced Toxicity
To determine whether parkin has a role in cytoprotection against misfolded SOD1-induced toxicity, we examined the effects of exogenous parkin on cell viability of human SH-SY5Y cells expressing wild-type SOD1, ALS-linked SOD1 A4V, or G93A mutant proteins in the absence or presence of proteasome inhibition by MG132. Measurement of the extent of cell death using the lactate dehydrogenase (LDH) release assay ( Fig. 1a) revealed that expression of SOD1 A4V or G93A mutant, but not SOD1 WT, induced cytotoxicity, which was exacerbated by MG132 treatment, consistent with previous reports [52] [53] [54] [55] [56] [57] . We found that expression of exogenous parkin significantly reduced the cytotoxicity induced by SOD1 A4V or G93A mutant under both basal and MG132-treated conditions (Fig. 1a) . Similar results were also obtained in independent experiments that assessed the effects of exogenous parkin on vulnerability of SH-SY5Y cells to mutant SOD1-mediated cell death using apoptotic nuclear morphology analysis (Fig. 1b, c) . Together, these data indicate a cytoprotective role of parkin against misfolded SOD1-induced toxicity.
Parkin Mediates K63-Linked Polyubiquitination of Mutant SOD1, but not Wild-Type SOD1
As a first step to determine the mechanisms underlying parkinmediated cytoprotection against misfolded SOD1 toxicity, we performed co-immunoprecipitation experiments to examine the interaction of parkin with wild-type or mutant SOD1 in SH-SY5Y cells. We found that immunoprecipitation of Myctagged parkin using anti-Myc antibody co-precipitated SOD1 A4V and G93A mutants, but not SOD1 WT (Fig. 2a) , indicating a selective interaction of parkin with mutant SOD1 in cells. To test whether parkin and mutant SOD1 interact directly, we performed in vitro binding assays using purified recombinant proteins. We found that GST-tagged parkin but not the GST control selectively bound His-tagged SOD1 A4V and G93A, but not SOD1 WT (Fig. 2b) . Together, these results demonstrate a specific interaction between parkin and mutant SOD1 both in vivo and in vitro.
Next, we performed in vitro ubiquitination analyses with purified recombinant proteins to examine the ability of parkin to ubiquitinate wild-type or mutant SOD1 in the presence of UbcH7, UbcH8, or UbcH13/Uevla E2 ubiquitin-conjugating enzymes which have been shown to facilitate parkin E3 ubiquitin-protein ligase activity [35] . We found that parkin selectively ubiquitinated SOD1 A4V and G93A mutants, but not SOD1 WT, in cooperation with UbcH13/Uev1a, but not with UbcH7 or UbcH8 (Fig. 2c) . To determine the specific type and ubiquitin linkage of parkin-mediated mutant SOD1 ubiquitination, we performed additional in vitro ubiquitination experiments using ubiquitin mutants Ub-K29, Ub-K48, or Ub-K63 (which permit only the formation of K29-, K48-, or K63-linked polyubiquitin chains, respectively) and Ub-K0 (which is unable to form polyubiquitin chains due to the mutation of all its lysines to arginines). The results showed that parkin-mediated polyubiquitination rather than multimonoubiquitination of SOD1 A4V and G93A mutants and that parkin-mediated mutant SOD1 polyubiquitination occurred via the K63-linkage (Fig. 2d) .
We then performed in vivo ubiquitination assays to investigate the role of parkin in regulation of wild-type or mutant SOD1 ubiquitination in cells. We found that expression of exogenous parkin promoted ubiquitination of SOD1 A4V and G93A mutants, but not SOD1 WT, under both control and MG132-treated conditions in SH-SY5Y cells (Fig. 3a) . Through the use of ubiquitin mutants Ub-K0, Ub-K48, and Ub-K63, we showed that parkin predominantly promoted K63-linked polyubiquitination of SOD1 A4V and G93A mutants in cells (Fig. 3b) , consistent with our in vitro ubiquitination results (Fig. 2d) . Furthermore, we found that shRNA-mediated depletion of endogenous parkin in SH-SY5Y cells resulted in decreased ubiquitination of SOD1 A4V and G93A mutants (Fig. 4a) , indicating that endogenous parkin is required for ubiquitinating mutant SOD1 in cells.
Parkin Promotes Mutant SOD1 Protein Degradation by the Autophagy-Lysosome System
We next studied the effect of parkin depletion on steady-state levels of wild-type and mutant SOD1 proteins using quantitative Western blot analyses. We found that parkin depletion resulted in significant increases in the steady-state levels of SOD1 A4V and G93A mutants but not that of SOD1 WT protein (Fig. 4b, c) , suggesting that parkin may have a role in selectively regulating mutant SOD1 protein degradation. To examine this possibility, we performed pulse-chase analyses to determine whether parkin affects turnover of wild-type and mutant SOD1 proteins (Fig. 5a-d) . As reported previously [18, 31, 58, 59 ], SOD1 A4V (Fig. 5a, c) and G93A (Fig. 5a, d ) mutants were less stable and had shorter halflives than that of SOD1 WT (Fig. 5a, b) . We found that expression of exogenous parkin significantly accelerated the turnover rates of SOD1 A4V and G93A mutants but not that of SOD1 WT protein (Fig. 5a-d) , indicating that parkin selectively promotes degradation of mutant SOD1 in cells.
We then used proteasome, lysosome, and autophagy inhibitors to determine which protein degradation system is involved in mediating parkin-regulated mutant SOD1 degradation (Fig. 5e-j) . Consistent with the ability of parkin to promote mutant SOD1 degradation (Fig. 5a-d) , expression of exogenous parkin significantly reduced the steady-state levels of SOD1 A4V (Fig. 5g, h ) and G93A (Fig. 5i, j) mutants but not that of SOD1 WT protein (Fig. 5e, f) . The parkin-induced degradation of SOD1 A4Vand G93A mutants was blocked by the autophagy inhibitor 3MA or the lysosome inhibitor chloroquine (CQ), but not by the proteasome inhibitor MG132 (Fig. 5g-j) . These results provide evidence supporting that parkin promotes mutant SOD1 protein degradation by the autophagy-lysosome system but not the proteasome.
Parkin Promotes Misfolded SOD1 Aggresome Formation Upon Proteasome Impairment
To further investigate the mechanisms by which parkin protects against misfolded SOD1 toxicity, we performed immunofluorescence confocal microscopic analysis to examine the effects of parkin on the localization of wildtype or mutant SOD1 in SH-SY5Y cells. We found that, under basal conditions, SOD1 WT and SOD1 A4V or G93A mutants exhibited a diffuse cytoplasmic distribution (Fig. 6a, b) , and this cytoplasmic distribution was not affected by coexpression of parkin (Figs. 6a, b and 7a, b, top  panel) . Treatment of the cells with the proteasome inhibitor lactacystin (Fig. 6c, d ) or MG132 (Fig. 7a, b, middle panel) caused accumulation of SOD1 A4V and G93A mutants, but not SOD1 WT, in perinuclear inclusions that resemble aggresomes. Additional immunofluorescence labeling experiments confirmed that the mutant SOD1-containing inclusions were indeed aggresomes, because they were Fig. 2 Selective interaction and ubiquitination of mutant SOD1 by parkin. a Co-immunoprecipitation analysis reveals a specific interaction of parkin with SOD1 A4Vand G93A mutants, but not SOD1 WT. Lysates from transfected SH-SY5Y cells were subjected to immunoprecipitation with anti-Myc antibody followed by immunoblotting with anti-Myc antibody and anti-SOD1 and antibody, which recognized both S-tagged and endogenous (endo.) SOD1 proteins. Asterisk denotes nonspecific band. b In vitro binding assays were performed by incubation of soluble His-tagged SOD1 WT or mutants (input) with immobilized GST or GST-parkin (shown by Ponceau stain). Analysis of bound proteins by immunoblotting with anti-SOD1 antibody shows direct binding of mutant SOD1 to parkin. c In vitro ubiquitination analysis of purified SOD1 WT or mutants in the presence of indicated E1, E2 (UbcH7, UbcH8, or UbcH13/Uev1a), GST-parkin or GST, and ubiquitin reveals selective ubiquitination of mutant SOD1 by parkin in cooperation with the UbcH13/Uev1a E2 enzyme. d In vitro ubiquitination analysis of SOD1 WT or mutants in the presence of E1, UbcH13/Uev1a, GST-parkin, and indicated wild-type or mutant ubiquitin shows that in vitro polyubiquitination of mutant SOD1 by parkin occurs via the K63-linkage surrounded by a cage of the intermediate filament protein vimentin and were enriched with ubiquitin and Hsp70 (Fig. 7c, d) . Furthermore, the formation of SOD1 A4V and G93A mutant aggresomes was microtubule-dependent, as their recruitment to the perinuclear region was blocked by the microtubule depolymerizing drug nocodazole, leading to accumulation of these misfolded SOD1 proteins in micro-aggregates (also known as pre-aggresome particles) Fig. 3 scattered throughout the cytoplasm (Fig. 7a, b , bottom panel). We observed colocalization of parkin with SOD1 mutants in the micro-aggregates as well as in the perinuclear aggresome (Fig. 7a, b) , indicating that parkin is well positioned to bind and ubiquitinate misfolded SOD1 both before and after their transport to the perinuclear aggresome. C o n s i s t e n t w i t h o u r f i n d i n g o f K 6 3 -l i n k e d polyubiquitination of mutant SOD1 by parkin (Figs. 2 and  3 ) a n d o u r p r e v i o u s r e p o r t t h a t K 6 3 -l i n k e d polyubiquitination serves as an aggresome-targeting signal through its interaction with the dynein adaptor protein HDAC6 [35] , we found that mutant SOD1 aggresomes also contain HDAC6 (Fig. 7c, d ). Quantitative analyses of aggresome formation revealed that expression of exogenous parkin significantly increased the percentage of cells containing mutant SOD1 aggresomes under the conditions of proteasome inhibition (Fig. 6e) , indicating a role for parkin in promoting misfolded SOD1 aggresome formation upon proteasome impairment. We have previously shown that that proteasome impairment not only induces aggresome formation but also causes redistribution of lysosomes to a perinuclear region to cluster around aggresomes [35, 60] . Given the emerging evidence indicating the importance of lysosome positioning in the control of autophagic degradation [61, 62] , we performed immunofluorescence confocal microscopic analysis to determine whether parkin has a role in regulation of lysosome positioning around aggresomes upon proteasome inhibition. In these experiments, lysosomes were visualized by labeling with antibody against the lysosomal membrane protein LAMP2. We observed that, in untransfected cells (e.g., cell 3 in Fig. 8a ) or aggresome-lacking, mutant SOD1-expressing cells (cells 2 and 5 in Fig. 8a ), lysosomes were scattered throughout the cytoplasm under the conditions of proteasome impairment. Only a fraction of cells with mutant SOD1 aggresomes were surrounded by lysosome clusters (cell 4 in Fig. 8a) , while the other, aggresome-containing cells retained the scattered distribution pattern of lysosomes (e.g., cell 1 in Fig. 8a) . We found that the percentage of mutant SOD1 aggresomes with lysosome clustering was significantly increased by expression of exogenous parkin (Fig. 8a, b) , indicating that parkin promotes lysosome positioning around misfolded SOD1 aggresomes.
Parkin Facilitates Autophagic Clearance of Misfolded SOD1 Aggresomes
In support of aggresomes being substrates for autophagic clearance, we found that SOD1 A4V-and G93A-containing aggresomes often contain the ubiquitin-binding autophagy receptor p62 and autophagosome marker LC3 (Fig. 7c, d ). To determine whether parkin has a role in regulating clearance of mutant SOD1 aggresomes, we used a Bpulse-chaseâ ggresome clearance assay [50, 51] in which cells were first treated with lactacystin for 16 h to allow aggresome formation, lactacystin was then removed, and the fate of aggresomes was monitored after a 24-h chase period. We found that the relative levels of remaining aggresomes containing SOD1 A4V or G93A were significantly reduced by expression of exogenous parkin (Fig. 9) , indicating accelerated clearance of misfolded SOD1 aggresomes by parkin. Addition of the autophagy inhibitor 3MA in the chase medium resulted in a significant increase in the relative levels of remaining aggresomes, whereas activation of autophagy by mTOR inhibitor rapamycin had an opposite effect (Fig. 9) . Together, these results support that parkin promotes autophagic clearance of misfolded SOD1 aggresomes.
Parkin Is Required for Misfolded SOD1 Aggresome Formation and Neuroprotection Against Misfolded SOD1 Toxicity
Next, we assessed the effect of targeted parkin deletion on mutant SOD1 aggresome formation by performing immunofluorescence confocal microscopic analysis in primary cortical neurons cultured from parkin −/− and parkin +/+ mice. We found that proteasome inhibition by MG132 caused accumulation of SOD1 A4V and G93A mutants, but not SOD1 WT, in the perinuclear region to form aggresomes in parkin +/+ neurons (Fig. 10a, d ). The formation of SOD1 A4V-or G93A-containing aggresome was abolished by the loss of parkin in parkin −/− neurons (Fig. 10b, d ), indicating that endogenous parkin is required for misfolded SOD1 aggresome formation. Expression of exogenous parkin in parkin −/− neurons restored the ability of these neurons to form mutant SOD1 aggresome (Fig. 10c, d ), providing further evidence for a critical role of parkin in misfolded SOD1 aggresome formation. Assessment of neuronal vulnerability to mutant SOD1 toxicity revealed that parkin −/− neurons were significantly more susceptible than parkin +/+ neurons to SOD1 A4V-or G93A-induced apoptosis, and this pro-apoptotic phenotype of parkin −/− neurons was ameliorated by expression of exogenous parkin (Fig. 10e) . These results indicate that parkin plays an essential role in neuroprotection against misfolded SOD1 toxicity. Together, our data support that parkin-mediated aggresome formation is a cytoprotective response against toxic effects of misfolded SOD1 proteins.
Discussion
ALS is a devastating neurodegenerative disorder with many known familial cases caused by mutations in SOD1. In its native form, SOD1 exists as a stable homodimer, but ALSassociated mutations, including A4V and G93A, impair dimerization and cause misfolded conformations that form cytotoxic oligomers and aggregates [6] [7] [8] 63] . Despite strong evidence linking SOD1 protein misfolding to ALS pathogenesis, the cytoprotective mechanisms against toxic build-up of misfolded SOD1 proteins remain unclear. Our work described in this study has demonstrated, for the first time, a novel interaction between Parkinson's disease-associated E3 ligase parkin and ALS-linked mutant SOD1 and identified parkin as a key regulator of cellular defense against misfolded SOD1-induced toxicity. Ubiquitin-dependent signaling plays a crucial role in the control of protein degradation and maintenance of cellular homeostasis. K48-linked polyubiquitination is a canonical signal for targeting proteins to the proteasome for degradation, and several E3 ligases that regulate proteasomal degradation of misfolded SOD1 proteins have been identified [17, 20, 21] . However, the proteasome can only degrade the soluble, monomeric form of misfolded proteins [28] . The oligomeric and aggregated forms of misfolded proteins are resistant to proteasomal degradation and they are cleared from cells by the autophagy-lysosome system [15, 16] . Our study shows that parkin works in cooperation with the UbcH13/Uevla E2 enzyme to mediate K63-linked polyubiquitination of SOD1 A4V and G93A mutant proteins, but not wild-type SOD1 protein. Recent evidence indicating that K63-linked polyubiquitination may serve as a signal for targeting proteins to the autophagy machinery for lysosomal degradation [64, 65] . In agreement with this notion, our results support that parkin-mediated K63-linked polyubiquitination of SOD1 mutant proteins promotes their degradation by the autophagy-lysosome system.
Proteasome impairment has been implicated in ALS pathogenesis [25, 26] . Accumulating evidence indicates that, when the proteasome is impaired, misfolded proteins are actively transported to the perinuclear region to form an aggresome, which is thought to be a cytoprotective mechanism for sequestering misfolded proteins and reducing their cytotoxicity [27] [28] [29] . We found that K63-linked polyubiquitination of SOD1 mutant proteins by parkin is enhanced in response to proteasome impairment, consistent with recent reports that the E3 ligase activity of parkin to recruit UbcH13/Uev1a and catalyze K63-linked polyubiquitination is stimulated by proteasome inhibition [35, 66] . Our data provide evidence that parkin-m ediated K63-linked polyubiquitination of SOD1 mutant proteins could occur prior to their transport to aggresomes. We have previously reported that, under conditions of proteasome impairment, parkinmediated K63-linked polyubiquitination of PD-associated DJ-1 mutant protein acts as an aggresome-targeting signal that couples misfolded DJ-1 to the dynein motor complex via HDAC6 for transport to the aggresome [35] . Here, we found that endogenous parkin is also required for targeting ALSlinked SOD1 mutant proteins to the aggresome, as shown by the absence of misfolded SOD1 aggresomes in parkin −/− neurons. Furthermore, expression of exogenous parkin promotes K63-linked polyubiquitination of SOD1 mutant proteins and their recruitment to aggresomes. Together, our findings strongly support a role of parkin-mediated K63-linked polyubiquitination in regulation of misfolded SOD1 aggresome formation. Recently, ataxin-3, a deubiquitinating enzymes which edits K63-polyubiquitin chains on mutant SOD1, was shown to promote misfolded SOD1 aggresome formation upon proteasome inhibition [32] . Our results raise the possibility that parkin-mediated K63-linked polyubiquitination may function upstream of ataxin-3 during aggresome formation. In addition to serving as a storage compartment for sequestering misfolded and aggregated proteins, the aggresome is thought to be the staging ground for disposal of protein aggregates by autophagy [28, 30] . Our finding of parkin colocalization with SOD1 mutant proteins in aggresomes indicates that parkin-mediated K63-linked polyubiquitination of misfolded SOD1 could also take place after transport to aggresomes. Emerging evidence indicates that K63-linked polyubiquitination may serve as a cargo-selection signal for autophagic degradation through interaction with ubiquitinbinding autophagy receptors, such as p62 [64, 65] . The p62 protein can link K63-polyubiquitinated cargo to the Fig. 7 Characterization of mutant SOD1 aggresomes by multi-labeling immunofluorescence confocal microscopy. a-b mutant SOD1 aggresome formation is microtubule-dependent. SH-SY5Y cells expressing mCherry-parkin and GFP-tagged SOD1 A4V (a) or G93A (b) were incubated with the vehicle DMSO, 5 μM MG132, or 5 μM MG132 plus 5 μg/ml nocodazole (Noco) for 24 h as indicated. Merged channel shows GFP-SOD1 (green), mCherry-parkin (red), and DAPI-stained nuclei (blue). MG132 treatment alone resulted in the formation of mutant SOD1-positive perinuclear aggresomes (arrows), whereas MG132 plus nocodazole treatment caused formation of mutant SOD1-positive micro-aggregates (arrowheads) instead of aggresomes. Scale bar = 10 μm. c-d Immunostaining of SH-SY5Y cells expressing mCherry-parkin and GFP-tagged SOD1 A4V (c) or G93A (d) following treatment with 5 μM MG132 for 24 h using anti-vimentin, anti-Hsp70, anti-ubiquitin, anti-HDAC6, anti-p62, and anti-LC3 antibodies. Merged channel includes GFP-SOD1 (green), mCherryparkin (red), the indicated markers (purple), and DAPI-stained nuclei (blue). Scale bar=10 μm autophagic membrane through interaction of its LIR motif with LC3 to facilitate autophagosome formation [67, 68] . Consistent with this view, we observed colocalization of p62 and LC3 with misfolded SOD1 aggresomes and obtained evidence supporting a role for parkin-mediated K63-linked polyubiquitination in promoting autophagic clearance of misfolded SOD1 proteins after recruitment to aggresomes.
Our study also uncovers a novel function for parkin in regulation of lysosomal positioning around misfolded SOD1 aggresomes. Emerging evidence indicates that lysosome positioning plays an important role in regulation of autophagy [61, 62] . Recent studies have shown that lysosomes are clustered in the perinuclear region upon starvation and the lysosome clustering not only facilitates autophagosome-lysosome fusion for cargo degradation but also promotes autophagosome formation by negatively regulating mTORC1 activity [61, 62] . We have reported that lysosomes can change their location and become clustered around perinuclear aggresomes upon proteasome impairment [35, 60] . The mechanisms that regulate lysosome positioning around aggresomes remain largely unknown. Our finding that parkin promotes lysosome clustering around misfolded SOD1 aggresomes suggests that parkin-mediated ubiquitin signaling plays a role in regulating lysosome positioning. The involvement of ubiquitin signaling in regulation of lysosome positioning is further supported by a recent screen that identified the deubiquitinating enzyme Usp9x as a regulator of lysosome clustering around aggresomes [69] . In conclusion, our findings obtained from this study uncover a cytoprotective role of PD-linked E3 ligase parkin in cellular defense against misfolded SOD1 toxicity by promoting mutant SOD1 aggresome formation and autophagic degradation. Our results suggest that enhancing parkin-mediated cytoprotection may provide therapeutic benefits for treating a number of neurodegenerative diseases, including PD and ALS. 
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